Abstract Vasculogenesis, the formation of blood vessels in embryonic or fetal tissue mediated by immature vascular cells (i.e., angioblasts), is poorly understood. Here we report a summary of our recent studies on the identification of a population of vascular progenitor cells (VPCs) in human fetal aorta. These undifferentiated mesenchymal cells co-express endothelial and myogenic markers (CD133?, CD34?, KDR?, desmin?) and are localized in outer layer of the aortic stroma of 11-12 weeks old human fetuses. Under stimulation with VEGF-A or PDGF-BB, VPCs give origin to a mixed population of mature endothelial and mural cells, respectively. When embedded in a three-dimensional collagen gel, VPCs organize into cohesive cellular cords that resembled mature vascular structures. The therapeutic efficacy of a small number of VPCs transplanted into ischemic limb muscle was demonstrated in immunodeficient mice. Investigation of the effect of VPCs on experimental heart ischemia and on diabetic ischemic ulcers in mice is in progress and seems to confirm their efficacy. On the whole, fetal aorta represents an important source for the investigation of phenotypic and functional features of human vascular progenitor cells.
Introduction
Angiogenesis, the sprouting of new vessels from preexisting vessels, plays an important role in physiologic and pathologic processes (Folkman 1985) . Angiogenesis occurs normally during embryonic development and in adult during menstrual cycle and under many pathological conditions, particularly in cancer (Folkman and Shing 1992) . In contrast, vasculogenesis, the new formation of blood vessels from undifferentiated vascular precursor cells (angioblasts), occurs mainly during embryonic of fetal development (Risau 1995) .
This brief report is aimed to summarize the present knowledge on vascular stem cells. It will be focused particularly on vascular progenitor cells (VPCs) isolated from human fetal aorta (FA) and their potential application in ischemic diseases.
Identification and characterization of VPCs in human fetal aorta
Angioblasts define a population of embryonic mesenchymal cells from which blood cells and blood vessels arise. Hematopoiesis and vasculogeneis begin in the blood islands of the yolk sac in early embryogenesis (Haar and Ackerman 1971; Moore and Metcalf 1970) . In addition, endothelial and hematopoietic lineages share a number of phenotypic markers and genes (Asahara et al. 1997; Fina et al. 1990; Kabrun et al. 1997; Kallianpur et al. 1994; Millauer et al. 1993) . This led to the hypothesis that both cell types arise from a common precursor named ''hemangioblast'' (Eichmann et al. 1997; Murray 1932; Sabin 1920) . However more recently, this hypothesis has been challenged by kinetics analysis of vascular endothelial and hematopoietic progenitors in early gastrulation of mouse embryos (Furuta et al. 2006) . Furuta et al. (2006) propose a distinct pathway of development in which the angioblast lineage directly diverges from mesoderm prior to and independent of hemangioblast development. Therefore the common embryonic origin of blood and vascular cells still remains controversial. Less controversial appear the hypothesis proposed by Yamashita et al. (2000) , for a common progenitor cell for endothelial and mural cells (pericytes and vascular smooth muscle cells). By using mouse embryonic stem cells, they found that embryonic stem cells expressing Flk-1/KDR (vascular endothelial growth factor receptor 2) if differentially stimulated with PDGF or VEGF, may give rise respectively, to mural and endothelial cells (ECs). Similarly, Minasi et al. (2002) have demonstrated that rat dorsal embryonic aorta contains multipotent selfrenewing cells able to differentiate into most mesodermal tissues, including myogenic and vascular cell lineages. In spite of these findings, the identification of VPCs and their mechanism of differentiation into mature vascular structures, particularly in human, is far from clear (LeDourain 1973; Pardanaud et al. 1987; Risau and Flamme 1995) . In an attempt to fill this gap, since 1999 our group has been involved in the identification of human VPCs. We used the rat aortic ring assay developed by Nicosia et al. (1982) and Nicosia and Ottinetti (1990) to investigate the angio-forming properties of aortic explants from human fetus and the role of vasculogenesis in this process. The ring aortic assay consists in culturing fetal aorta (FA) explants obtained from legal abortion of 11-12 week old fetus in a collagen gel (Alessandri et al. 2001) . Under these culture conditions FA ring produced outgrowth of vascular-like cords that invade the surrounding collagen matrix (Fig 1a) . The cords and the capillary tubes appeared to be formed by mesenchymal cells that stained strongly for endothelial markers such as CD31, CD34, and KDR (Fig 1b) and less intensive for von Willebrand Factor (vWF). It is interesting to observe that most neovascular proliferation occurred primarily in the outer layer of the aortic rings, whereas in a very limited number of cases, it seemed to originate from pre-existing ECs lining the aortic lumen. Since mature endothelial markers like CD31 and vWF were not expressed in the outer layer of aorta parenchyma, but it stained positive for immature endothelial markers CD34 and KDR (Fig 1c) , we concluded that most of the neovessels arising from aorta explants originated from immature vascular progenitors (Alessandri et al. 2001) . Most recently we confirmed and expanded this conclusion (Invernici et al. 2007 ). Indeed we found that upon enzymatic digestion, FACS analysis revealed that FA is very rich in CD34? cells, (around 30% of the total aortic cells), only 1% of the CD34? cells were also CD31?vWF?; most of the CD34? cells were KDR? and also expressing CD133, a marker found on neural stem cells (Uchida et al. 2000) and also on adult immature bone marrow derived EPCs (Reyes et al. 2001) . Under culture conditions that induce endothelial differentiation the CD34?KDR?CD133? CD31-vWF-became CD34?KDR?CD31?vWF? CD133-, assuming the typical morphology of ECs in culture, and if embedded in collagen gel, CD34?KDR?CD133? cells organized cords that resemble vascular capillaries-like structures (Fig. 1d) composed by pericytes/smooth muscle and ECs. In addition we found that around 30% of CD34? KDR?CD133? cells expressed also desmin, a myogenic marker (Comelison and Wold 1997) , and upon stimulation with VEGF or PDGF-BB, CD34?KDR? CD133? differentiated into endothelial or mural cells. Thus we concluded that human FA is a rich source of immature cells able to differentiate into all cellular components of mature vessels (Invernici et al. 2007 ).
Effect of VPCs on experimental ischemic diseases
Progenitor cells of fetal origin have been successfully used to replace BM in hematological disease (Madeddu et al. 2004 ). Likewise, naïve VPCs could provide a new way to treat ischemic diseases. Thus, we wished to test in vivo whether the myogenic and vasculogenic properties of VPCs could be clinically exploited to treat ischemic disease. By using a murine model of peripheral ischemia we observed that VPCs transplantation into ischemic muscles significantly ameliorates the clinical outcome of ischemic mice (Invernici et al. 2007 ).
Confocal microscopy pictures and immunohistochemistry analysis of ischemic muscle of mice treated with a small number of VPCs (2 9 10 4 cells) showed a significant increment of vascularization and myogenesis as well as a reduction of muscular and vascular apoptotic cells. Moreover, the animals treated with VPCs demonstrated a limited but significant incorporation of the transplanted cells into muscular fibers and vessels (Fig. 2) . Interesting, an equal number of transplanted human bone marrow derived EPCs, transplanted as reference cell control, was not able to evoke a comparable ameliorative effect. The clinical efficacy of VPCs on peripheral ischemia was also confirmed by the substantial reduction of ischemia-induced necrotic/ autoamputated toes in all mice treated with VPCs. We have in progress experiments to test VPCs efficacy on experimental heart ischemia and on a new experimental model of diabetic ischemic ulcers (Barcelos et al. 2008) . Similarly to peripheral limb ischemia, VPCs treatment seems to ameliorate the clinical outcome (Barcelos et al. 2008) . Interestingly the analysis of VPCs culture conditioned medium demonstrated that these cells secrete significant amount of angiogenic factors, in particular, they produced VEGF-A, Angiopoietins 1 and 2, IL6, IL8 and SDF-1 (Invernici et al. 2007; Barcelos et al. 2008) . Because of the small number of injected cells and the limited capacity of the transplanted cells to undergo in vivo differentiation, we conclude that beneficial effect of VPCs on ischemia may be attributed, at least in part, to their capacity to secrete angiogenic factor. 
Conclusions
Our studies demonstrate for the first time that human FA contains, in the outer layer of its parenchyma, immature cells able to form and regenerate vessels. These cells are defined by a precise phenotypic profile which includes immature vascular markers like CD34, CD133, and KDR, and the myogenic marker desmin. These cells are able to differentiate into both mural and endothelial cells, are endowed of angiogenic potential and have strong vascular and muscular regenerative properties in vivo. We propose FA not only as a tool to study human vasculogenesis mechanism, but also as tissue source to isolate and culture VPCs, potentially exploitable for the treatment of human ischemic diseases. 
